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Abstract
Diamond nanotips were synthesized on diamond/Si substrates by using a
microwave plasma-enhanced chemical vapor deposition process. The
diamond nanotips are ∼1 μm in height and the diameter at the bottom of a
nanotip is ∼200 nm. The as-grown diamond nanotips exhibit excellent field
emission characteristics after treating with nitrogen plasma immersion ion
implantation (PIII) for 10 min. A low turn-on field of 3 V μm−1 and a high
current density of 4 mA cm−2 at 9 V μm−1 are achieved. The morphologies
of diamond nanotips are unchanged after the nitrogen PIII treatment. The
diamond quality reduces with treatment time. The sp3 bonds in diamond can
be broken by the nitrogen ions accelerated by the pulse voltage of −25 kV,
which results in G peak broadening in Raman spectra. Several nanoscale
amorphous regions are generated in a crystalline diamond nanotip, observed
by the high resolution transmission electron microscope. The improvement
of field emission properties is correlated to the amorphous regions and
possible implantation-induced atomic defects.
1. Introduction
Diamond is a potential material for excellent field emitters
since it exhibits negative electron affinity, chemical stability
and strong mechanical strength [1–5]. An excellent diamond
field emitter should exhibit channels of high conductivity
and a high aspect ratio to enhance the local electric field.
The conductivity of a synthetic diamond film was improved
usually by various methods such as implantation and in situ
doping [3–5]. The generation of sp2 bonds inside the diamond
film is an alternative to enhance the conductivity. The best
reported diamond field emitter is made of nanocrystalline
diamond in which conduction paths are along grain boundaries
due to sp2 bonds [6, 7]. But the development of diamond
field emitters was slowed down in the past since the synthetic
diamond film does not exhibit a structure with high aspect ratio.
3 Author to whom any correspondence should be addressed.
In recent years, carbon-based nanostructures such as
amorphous carbon nanotips [8], carbon nanofibers (CNF) [9]
and carbon nanotubes (CNT) [10, 11] have been received a
great deal of attention due to their high aspect ratios. Among
them, CNT is the most promising one since it exhibits very
high aspect ratio and good conductivity. The turn-on field
of 2–5 V μm−1 (at 10 μA cm−2) and the emission current
density of several mA cm−2 are routinely achieved for CNT
field emitters [10–12].
Recently, the fabrication of diamond nanotips has been
achieved in a low temperature process by planar microwave
plasma-enhanced chemical vapor deposition [13, 14]. The
nanofabrication technique provides us the opportunity to
fabricate excellent field emitters using diamond nanotips of
high aspect ratio. In this work, we report a nitrogen
plasma immersion ion implantation (PIII) treatment on the
diamond nanotips grown on the polycrystalline diamond/Si
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Figure 1. (a) SEM image of the diamond nanotips grown on the
diamond/Si substrate. A low magnification of the SEM image is
inserted in the upper-right corner. (b) The SEM image of the
diamond nanotips treated with nitrogen plasma immersion ion
implantation.
substrate. The field emission characteristics of diamond
nanotips treated with the PIII process are greatly improved,
which are comparable to those of CNT field emitters.
2. Experimental details
Diamond nanotips were synthesized on the intrinsic polycrys-
talline diamond/Si substrates biased at −250 V for 2 h in a
2.54 GHz planar microwave plasma-enhanced chemical vapor
deposition (MPECVD) system operated at 3000 W. The char-
acteristics of the planar MPECVD system can be found in the
literature [15]. The grain size, roughness, sheet resistance and
thickness of the polycrystalline diamond were determined to
be ∼1 μm, ∼200 nm, ∼6.4 × 105/unionsq, and 8.5 μm, respec-
tively. The polycrystalline diamond/Si substrates were cleaned
by acetone and de-ionized water and then put on a 4 inch sub-
strate holder in the planar MPECVD chamber flowing with
a mixed gas of Ar/CH4/H2 (5/14/47 sccm) at an operation
pressure of 0.14 Torr. The addition of Ar in the mixed gas
can enhance the nucleation density of diamond nanotips. The
substrate temperature was increased from room temperature
to ∼200 ◦C at the end of each run due to ion bombardment.
The synthesized diamond nanotip samples were then put into
a plasma immersion ion implantation (PIII) chamber flowing
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Figure 2. N 1s core level XPS spectra excited by Mg Kα
(1253.6 eV) from diamond nanotips on the diamond/Si substrate
treated with nitrogen plasma immersion ion implantation for
different amounts of time.
with N2 (10 sccm). The nitrogen plasma was excited at a radio
frequency power of 350 W and at a total pressure of 4.4 mTorr.
The nitrogen ions in the plasma were implanted into the dia-
mond nanotips samples biased at a pulse voltage of −25 kV
(10 μs pulse width and 1000 Hz pulse repetition rate) for dif-
ferent amounts of time (0, 5, 10 min). The morphologies of
the samples were characterized by a scanning electron micro-
scope (SEM) (JEOL JSE-6500F) and a transmission electron
microscope (TEM) (JEM 3000F). Raman spectra were mea-
sured in a high-resolution micro-Raman system equipped with
70 mW laser power of 488 nm wavelength and a focus beam
size of ∼3 μm. The acquisition time of each Raman measure-
ment was 20 s. The chemical information of the diamond nan-
otips were characterized by using x-ray photoemission spec-
troscopy (XPS, PHI 1600). The field emission characteristics
of the samples were measured at 2 × 10−6 Torr in a planar
diode configuration at room temperature. The inter-electrode
spacing was ∼100 μm defined by a spacer located outside the
emission area and the emission area was ∼0.1 cm2. The car-
bon and nitrogen concentrations at a certain position on the
diamond nanotip were characterized by a PHI 700 scanning
Auger nanoprobe.
3. Results and discussion
Figure 1(a) shows the SEM image of the diamond nanotips
grown on a polycrystalline diamond film on Si. A low
magnification of the SEM image is inserted in the upper-right
corner. The diamond nanotips are in a cone shape. The
diamond nanotips are ∼1 μm in height and the diameter of
a nanotip at the bottom is ∼200 nm. The density of diamond
nanotips is ∼1 μm−2, estimated by the top-view SEM image.
Figure 1(b) shows the SEM image of the diamond nanotips
treated with nitrogen PIII for 10 min. After the nitrogen PIII
treatment, the morphology of the diamond nanotips remains
unchanged. Figure 2 shows a series of N 1s core level
spectra excited by Mg Kα (1253.6 eV) from the samples
treated for different PIII times. The N 1s peak intensity at
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Figure 3. Raman spectra of the diamond nanotips grown on the
diamond/Si substrate treated with nitrogen plasma immersion ion
implantation for different amounts of time.
∼400 eV increases with PIII time, indicating that nitrogen can
be implanted into the samples by the PIII treatment.
The effect of the nitrogen PIII treatment on the
diamond nanotips/diamond/Si structure is revealed by the
Raman spectra shown in figure 3. Raman spectra in
the range of 1000–2000 cm−1 taken from polycrystalline
diamond/Si and from diamond nanotips/diamond/Si treated
with nitrogen PIII for 0, 5 and 10 min are stacked together
for comparison. The prominent diamond characteristic peak
at ∼1332 cm−1 [16, 17] with a full width at half-maximum
(FWHM) of 7.8 cm−1 clearly indicates the high diamond
quality of polycrystalline diamond/Si. When diamond nanotips
are grown on diamond/Si, the intensity of the diamond
characteristic peak (1332 cm−1) is reduced and its FWHM is
slightly increased to 8.5 cm−1. The nitrogen PIII treatment
further degrades the diamond quality. A lower intensity and
a worse FWHM occur for the diamond characteristic peak
at longer PIII time. This indicates that a high pulse voltage
of −25 kV can provide energy enough for nitrogen ions to
break the sp3 bonds in diamond nanotips/diamond/Si. Note
that the G peak at ∼1500 cm−1 [18, 19] pertaining to the sp2
bonding environments were observed in figure 3. The nitrogen
PIII treatment slightly broadens the G peak, which may be
correlated to the generation of sp2 bonding environments. It
is thus evident that sp3 bonds in diamond can be broken by
nitrogen ions accelerated by the pulse voltage of −25 kV.
The atomic rearrangement in a diamond nanotip treated
with the nitrogen PIII process is characterized by using a high
resolution TEM (HRTEM). Figure 4(a) shows the HRTEM
image of a diamond nanotip treated with nitrogen PIII for
10 min. A low magnification of the HRTEM image is inserted
in the upper-right corner. A clear lattice image with several
nanoscale amorphous regions circled and marked by ‘A’, ‘B’
and ‘C’ is observed in a crystalline diamond crystal structure.
The formation of nanoscale amorphous regions is attributed
to the energy transfer of the implanted nitrogen in the PIII
treatment. This supports the breaking of sp3 bonds in diamond
by the accelerated nitrogen ions. The G peak broadening in
the Raman spectra in figure 3 very probably results from the
generation of the amorphous regions. The electron diffraction
(ED) pattern of the diamond nanotip is shown in the lower-right
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Figure 4. (a) TEM lattice image of the diamond nanotip treated with
nitrogen plasma immersion ion implantation for 10 min. The
bright-field TEM image of the diamond nanotip is inserted in the
upper-right corner. The electron diffraction pattern of the diamond
nanotip is inserted in the lower-right corner. (b) EELS spectra of the
diamond nanotips treated with nitrogen plasma immersion ion
implantation for 0 and 10 min. The carbon and nitrogen K edges are
located at ∼300 eV and ∼410 eV, respectively.
corner in figure 4(a). The clear ED pattern is from a crystalline
diamond structure looking along the [1¯14] zone axis [20].
The existence of nitrogen in the diamond nanotip is
justified by the EELS spectra (figure 4(b)) taken from the
diamond nanotip treated with nitrogen PIII for 10 min. The
carbon K edge located at ∼300 eV is clearly observed for
the diamond nanotip without the PIII treatment [21]. After
the nitrogen PIII treatment for 10 min, a weak nitrogen K
edge signal appears at ∼410 eV [22, 23], which supports
the existence of the implanted nitrogen inside the diamond
nanotip. The implanted nitrogen may induce atomic defects
inside the diamond nanotips. However, it is not clear how much
implantation-induced atomic defects exist inside the diamond
nanotips.
Figure 5(a) shows the field emission characteristics of the
diamond nanotips on diamond/Si without the nitrogen PIII
treatment. The turn-on field is 9.6 V μm (at 10 μA cm−2) and
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Figure 5. (a) Field emission characteristics of the diamond nanotips
grown on the diamond/Si substrate. (b) Field emission characteristics
of the diamond nanotips grown on the diamond/Si substrates treated
with nitrogen plasma immersion ion implantation for different
amounts of time. The Fowler–Nordheim (F–N) plots of the field
emission curves are inserted in the upper-left corner.
the emission current density is 40 μA cm−2 (at 11 V μm−1).
The field emission characteristics can be improved by the
nitrogen PIII treatment, as shown in figure 5(b) where the
corresponding Fowler–Nordheim (F–N) plots are inserted in
the upper-left corner. A turn-on field of 3 V μm−1 (at
10 μA cm−2) and an emission current density of ∼4 mA cm−2
(at 9 V μm−1) can be achieved for the sample treated
with nitrogen PIII for 10 min, which are very close to the
performance of CNT field emitters. The improvement of the
field emission properties is considered to be contributed from
the factors such as higher aspect ratio, higher conductivity and
diamond surface modification. By comparing the morphology
of diamond nanotips in figures 1(a) and (b), the factor of
‘higher aspect ratio’ is excluded since the morphology remains
about the same after the nitrogen PIII treatment. If we treat
the diamond nanotips as an ‘effective’ thin film, the four-
point probe method can be used to measure ‘effective’ sheet
resistance for a very rough estimation. The ‘effective’ sheet
resistances of the samples (diamond nanotips/diamond/Si)
treated with nitrogen PIII for 5 min and 10 min are ∼4.5 ×
104 /unionsq and ∼1.4 × 104 /unionsq, respectively. Obviously,
the ‘effective’ sheet resistance reduces with the nitrogen PIII
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Figure 6. C KLL and N KLL Auger depth profiles at position ‘A’ on
a diamond nanotip. The position ‘A’ is marked in the FESEM image
inserted in the upper-right corner.
treatment time. This supports that the conductivity of the
diamond nanotips/diamond/Si structure increases after the
nitrogen PIII treatment. Based on the Raman spectra in figure 3
and the nanoscale amorphous regions in figure 4(a), some sp3
bonds are modified into sp2 bond characters after the nitrogen
PIII treatment. This may explain the reduction of the ‘effective’
sheet resistance. C KLL and N KLL Auger signals are used to
measure the corresponding carbon and nitrogen concentration
at a position on a diamond nanotip, as shown in figure 6. The
corresponding FESEM image is inserted in the upper-right
corner. The N KLL signal reduces in intensity abruptly with
sputtering time, which indicates that nitrogen concentration is
higher close to the surface after the PIII treatment. Surface
defects are expected to be generated due to the incorporation of
nitrogen. Note that field emission is a tunneling phenomenon
which is sensitive to the atomic layers on the surface. Very
probably, the improvement of the field emission properties
is also contributed by the surface defects generated by the
nitrogen PIII treatment.
4. Conclusion
Diamond nanotips with high aspect ratio can be grown on the
diamond/Si substrates by planar microwave plasma-enhanced
chemical vapor deposition. The field emitter made of the
as-grown diamond nanotips suffers with high turn-on voltage
and low emission current density. A nitrogen PIII treatment
can improve the field emission properties by the generation of
nanoscale amorphous regions with sp2 bonding characteristics
and other possible atomic defects inside diamond nanotips. A
low turn-on field of 3 V μm−1 and a high current density of
4 mA cm−2 at 9 V μm−1 are achieved. This may increase the
potential applications of diamond nanotips as excellent field
emitters.
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